The simple and quick calibration surfaces method has been applied to the quantitative analysis of water -ethanol -methanol mixtures. The refractive index, viscosity, boiling point, density, and position of the absorption band of the solvatochromic dye and the absorbance of the band corresponding to a particular wavelength were used as measured magnitudes which are functionally related to the quantitative composition of the mixture. The 3rd order surface equation was fitted to the experimental data via the multidimensional regression method. Various pairs of macroscopic features were tested to obtain the best results. To find the solution, the set of three equations were calculated, in which two equations were the mathematical description of particular macroscopic features; the third one resulted from the definition of mass fraction. The detection and determination limits as well as the error of the method were determined which proved that the refractive index and the density were the most adequate pair of macroscopic features.
Introduction
The quantitative analysis of a multicomponent mixture is a routine application of either chromatographic or spectrophotometric methods. In the first instance, the base is the linear dependence between the detector response (peak height or area) and the component concentration, while the latter applies to the Lambert-Beer Law. Today, chromatographic and spectrophotometric methods are often supported by chemometric techniques [1] , such as partial least square method [2] [3] [4] , principle component analysis [5, 6] or derivative spectrophotometry [7, 8] . Literature depicts many examples of methods that apply a quantitative analysis of multicomponent mixtures. A method for the quantitative determination of capsaicinoids, camphor, 1-menthol, salicylic acid and related esters in a solid ointment by LC-UV and static headspace (sHS)-GC with flame ionization detection (FID) [9] , a hybrid double divisor ratio spectra method in determination of ternary mixture components [10] , the utility of FT-Raman spectroscopy and multivariate calibration models for ternary mixtures of d-mannitol polymorphs analysis [11] and the application of the relationship between NIR absorption spectra and temperature in determination of commonly used solvents (water, methanol, ethanol, n-hexane) and their mixtures with ethylenediamine [12] are only a few recent examples. Methods which do not need any preliminary separation of the mixture components are the most desirable which are sometimes impossible to achieve due to components with overlapping spectra [13, 14] . Other difficulties may include the lack of special equipment in some laboratories or accessibility for fast field analysis.
The simplest example of a complex mixture is binary. In this case, a calibration curve, which describes the dependence of a measured magnitude on a mixture composition, directly determines the content of one of the components. From the analytical point of view, the curve
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Application of the calibration surfaces method in quantitative analysis of water -ethanol -methanol mixture must be monotonic to obtain well defined results. If the number of mixture components is greater, the number of mutual independent macroscopic magnitudes should also rise. For mixtures composed of N components, good results are provided by the solution of a set of N or N-1 calibration functions. Therefore, the graphical expression of calibration equations changes from line for the binary systems, through the surface for the ternary ones, and to the hypersurface for even more complex mixtures [15] .
The concept of calibration surfaces for quantitative analysis of ternary mixtures was introduced by Sorokas [15] . It requires two different macroscopic magnitudes which are related to the mixture composition expressed as molar, mass or volume fractions. The set of three equations should be solved to find unknown fraction values of each of the mixture components (x i ). Two of them are the mathematical description of a macroscopic feature (mf i ) which changes as the function of a mixture composition and which can be pictured as a 3D plot stretched over the Gibbs triangle bases. They can be obtained by fitting the 3 rd order surface equation to experimental points via the multidimensional regression method. The third equation which results from the definition of fractions allows the reduction of the number of independent variables from 3 to 2.
(1)
The two macroscopic magnitudes should be independent and different from one another to obtain real and unambiguous results. As a result, isolines of the first plot should cross only once with the ones stemming from the second plot. Moreover, the slope of the plots should not be close to 0 to avoid parts described via the constant function independent of the mixture composition (the area parallel to the base). Therefore, it is crucial to select a pair of measured features which fulfills these conditions. Sorokas applied the calibration surfaces method to the quantitative analysis of water -methanolethanol, methanol -ethanol -tert-butanol and ethanol -water -glucose mixtures [15] . Zawadzka and coworkers obtained satisfying results using this method in the determination of anisole -toluene -cyclohexane system [16] . The refractive index and the position of the maximum of UV-vis absorption band of a solvatochromic dye were chosen as measured magnitudes. The goal of this work is to check what other macroscopic features can be applied using the calibration surfaces method and which pair can lead to the best results in the quantitative analysis of water -ethanol -methanol system.
Experimental procedure

Measurements and instruments
Refractive indexes were measured at 20±0.1ºC using Abbe refractometer RL, PZO Warsaw. The viscosity was measured at 20±0.1ºC using the capillary viscometer with the viscometer constant of k=3.055×10 -6 Pa. Densities were determined at 20±0.1ºC via the aerometric method. Boiling points were determined with the use of a magnetic stirrer IKA WERKE with a heating plate and FLUKE 50 S K/J Thermometer and the thermocouple equipped with a glass capillary. The UV-vis spectra were recorded in the 12000-27000 cm -1 range at a temperature of 25±0.1°C with the computer-controlled spectrophotometer Specord M40 (Carl Zeiss Jena, Germany) modified by MEDSON (Medson Electronics, Co Ltd., Poznań -Paczkowo). The spectrophotometer's resolution exceeded 20 cm -1 .
Laboratory tools
The following laboratory tools were used: Gas-tight 1 cm quartz cells, a glass pipette with volumes of 25, 20 and 1 mL as well as a liquid 10 µL syringe from HamiltonBonaduz. Software. Medson M48 -a set of programs for spectra processing (Medson Electronics, Co Ltd., Poznań -Paczkowo); home written software (Turbo Basic) for data processing; Statistica 6.0 (StatSoft, Inc (2000) . Statistica for Windows, Tulsa, OK, USA).
Solvents
Distilled water was generated in a glass Büchi apparatus and used without additional purification; Methanol and ethanol Uvasol® grade solvents for spectroscopy were purchased from Merck; solvatochromic 5-(3,5-dibromo-4-hydroxyphenyl)-7,7-dimethyl-7H-indolo[1,2-a] quinolinium merocyanine was synthesized according to the method described in the literature [17] .
Solutions
The standard solutions of water -ethanol -methanol system were prepared according to the illustration presented in Table 1 . The numerals in the A, B and C columns denote the quantity of parts per volume of water, absolute ethanol and methanol, respectively. For instance, to prepare the solution number "1", 1 volumetric part of water, 2 parts of absolute ethanol and 3 volumetric parts of methanol were used. To avoid the error connected with the solution preparation, the standard solutions were prepared once and applied to all measurements.
Results and discussion
In the quantitative analysis of water (solvent A) -ethanol (solvent B) -methanol (solvent C) system, the following macroscopic magnitudes were chosen: the refractive index (n D 20 ), viscosity (η 20 ), the boiling point (bp), and density (d 20 ). Moreover, the UV-vis absorption spectra of solvatochromic dye which was 5-(3,5-dibromo-4-hydroxyphenyl)-7,7-dimethyl-7H-indolo[1,2-a] quinolinium merocyanine ( Fig. 1 ) were recorded. UV-vis spectra of solvatochromic compounds, i.e., the position and the shape of absorption band strongly depended on the polarity of the medium which was the function of the medium composition [18] . So, the position of the maximum of the dye absorption band ( ) as well as the absorbance of the band corresponding to particular wavelength ( ) (both change with the change of the components fractions) were also examined.
The merocyanine used in this study belonged to the group of 7H-indolo[1,2-a]quinolinium dyes which exhibited distinct solvatochromic properties [19] . They were usually generated in situ by alkalisation of the solution of corresponding salt with anhydrous potassium carbonate. Due to the low pK a value of 5-(3,5-dibromo-4-hydroxyphenyl)-7,7-dimethyl-7H-indolo[1,2-a] quinolinium perchlorate [17] the merocyanine was easily available even without the use of K 2 CO 3 , after dissolution of the perchlorate in weaker (Lewis) bases such as water or alcohols. Moreover, the dye exhibited distinct solvatochromic properties. Its absorption band was shifted by almost 3000 cm -1 with the change of a solvent from less polar ethanol to the most polar water [19] . These two attributes made it suitable for spectrophotometric measurements. The compound had only one distinct absorption band in the range of 12000 -27000 cm -1 (Fig. 1 ). The position of its maximum measured in ternary solutions was determined in the M48 set of programs via fitting the polynomial function to each five measuring points. The center point was detected as the one of maximal absorbance. With regards to the absorbance of the band, changes in its value corresponding to a particular wavelength were not due to the disappearance of the solvatochromic band or a new band appearance, but to the changes in that band's position and shape. In comparison to the measurement of the solvatochromic dye band position carried out using the spectrophotometer, the values of the absorbance measured at a selected wavelength were easier and faster to achieve by means of a simple colorimeter. M48 set of programs also analyzed the value of absorbance by the selected wavelength. Three values of wavelengths were taken into consideration. It was assumed that they would be selected as the ones located near the local maximum of the spectra which was measured in pure solvents. These were: 18 196 cm -1 (in ethanol), 19 168 cm -1 (in methanol) and 21 247 cm -1 (in water). The M48 program reduced the number of data to 226 points; therefore the selected values were not consistently the same as the ones obtained applying the polynomial function. Since the variability of the absorbance values was the most evident in the first example (∆A=0.978 instead of 0.686 and 0.546, respectively), it was selected as the most useful in terms of analysis. As it was proved earlier [15] , the minimum number of data to create the 3 rd order surface equation by multidimensional regression analysis was 15. In our studies, 19 standard solutions were done, the composition of which had been selected in such a manner that they evenly covered a whole range of all components concentrations. Next, for each of the 19 solutions all macroscopic features mentioned above were measured. The obtained values were collected and are depicted in Table 1 .
The composition of the solutions as mass fractions seems to be the most adequate for the water -ethanolmethanol system. Due to the contraction of the volume, the volume of the solution could not be calculated as the sum of the volumes of particular components, so volume fractions were not easy to calculate. The values of mass fractions of the components A, B and C, respectively, in particular solutions (x ij ), prepared according to the scheme presented in Table 1 , were calculated based on the equation: (2) where: V ji -the volume of i-th solvent used for the preparation of j-th solution,
-density of i-th solvent.
In the next step, the 3 rd order surface equation was fitted to the experimental data via multidimensional regression method. The general formula of the equation was as follows: 
where: a 0 …a 9 -regression coefficients, available by multidimensional regression, x A , x B -mass fractions of water (A) and ethanol (B), respectively.
Calculated parameters a 0 -a 9 as well as statistical characteristic of fitting i.e. a regression coefficient (R) and standard deviation (S) for each measured feature are shown in Table 2 . The value of standard deviation was calculated according to the equation: (4) where: f jr -the value of corresponding macroscopic feature measured (real) for j-th solution. Based on the 3 th order equations found for each measured feature, 3D plots were created to depict the changes of corresponding magnitudes as a function of the studied system composition. The surface plots obtained are presented in Fig. 2 . The base of these plots is the Gibbs triangle the sides of which are dimensioned as mass fractions of particular components.
The pair of surface plots are needed to find the composition of the ternary mixture. From the mathematical point of view, the set of Eqs. 1 must be solved which includes two 3 th order equations describing selected macroscopic features and the third one resulting from the definition of the mass fraction. A unique solution is obtained only when the determinate system is applied. For that reason, a mutual independency of two macroscopic magnitudes, used in the calibration surfaces method is required. To check which pairs of measured features are really independent, the correlation coefficients (R) between particular surfaces were calculated as follows: (5) where:
(6) (7) denote the pair of vectors in which each element was calculated from surface function f 1 and f 2 for one of the total number of n solvent compositions (m belongs to <1,n>).
The values of x A and x B are situated in the range: x A from 0 to 1 and x B from x A to 1 with 0.025 step.
Obviously,
The number of points (evenly distributed different solvent compositions 9) in which N denotes the number of discrete compositions of selected component. The values of correlation coefficient obtained for various pairs of macroscopic features are collected in Table 3 .
It was assumed that to apply two surface plots using the calibration surfaces method, the square of the correlation coefficient between these surfaces must not exceed 0.9. The data presented in Table 3 show that the only pair which does not fulfill this condition is a set of surface plots which describes the position of the maximum of the solvatochromic dye absorption band and the absorbance of the band. A relatively strong correlation can also be noticed between the density and the solvatochromic band absorbance, as well as the density and the solvatochromic dye band position, and the density and the boiling point. The weakest correlation, i.e., the best result was between the refractive index and density.
Next, an accuracy test of the selected pair of macroscopic features in the quantitative analysis of water -ethanol -methanol mixture via the calibration surfaces method was conducted. It included the solution of the set of Eqs. 1 corresponding to each pair of measured magnitudes collected in Table 3 (without the last one) followed by the comparison of found x i values and the real ones used for surface plots estimation. The deviation of predicted (calculated) values from expected (real) ones was characterized by calculating the total error according to the equation [16] :
where: Δx i = x ir -x if -the difference between real (experimental) and found (obtained due to calibration plots) values of mass fraction of i-th (A or B, respectively) component. The error is affected by three components: Δx A , Δx B and Δx C . Since:
one can ascertain that when ∆x A and ∆x B are independent, then ∆x C is dependent and given as functionally linked. Therefore, taking only two deviations into consideration proves to be enough to calculate the total error for each selected composition. ) where: n -the number of experimental points (here, n = 19)
The results of accuracy test are presented in Tables 4 and 5 .
It is evident that the measurements of the refractive index and the position of the solvatochromic dye absorption band, which had been earlier applied to the calibration surfaces method, provide good results; however, the refractive index and the density appear to be the best pair of macroscopic magnitudes used in this method. The mass fractions of components obtained with the set of equations describing these features were determined with the lowest average error (below 1%). For the other pairs, an average error in most cases ranges between 1.5% and 6%, so they can be rather applied for fast rough analyses. The least satisfying effects were achieved for the sets including viscosity as one of the measured magnitudes.
Finally, the limit of detection (L dc ) as well as the limit of determination (L dm ) of the calibration surface method applying various pairs of macroscopic features were calculated. Based on the values of real (x ir ) and found (x if ) mass fractions of i-th component, the standard deviation S i of particular component concentration determination, for n points (n = 19) obtained with the use of the equation with k parameters (k = 10), was available from the equation: 
Thus, L dc and L dm of A, B and C components, respectively, were determined as follows:
Again, the most satisfying result were obtained for n D
20
and d. The values of mass fraction of each component which can be qualitatively detected (L dc ) as well as quantitatively determined (L dc ) using calibration 3D plots describing these two macroscopic features are shown in Table 6 . The rest of pairs of measured magnitudes presented in Table 3 can be applied to determine mass fraction of particular component above at least 0.06. The most important factors in the selection of two macroscopic features applied to the calibration surfaces method seem to be the quality of fitting the 3 rd order equation to the measuring points and mutual independency between the magnitudes joined in a pair. The most satisfying results were obtained for n D 20 and d. The 3 rd order surface equation was fitted to data corresponding to n D 20 and d with the highest correlation coefficient values. Moreover, n D 20 and d were the most independent from one another. Taking into consideration the error obtained for the pair that consisted of d and bp it can be determined that the quality of fitting the 3 rd order equation was more crucial than the mutual independency between two measured magnitudes. In comparison to the rest of the examples, the average error calculated for d and bp was relatively low in spite of a high correlation between these two features (see Table 3 ). However, this result compared with the effect obtained for n D 20 -bp pair suggested that there must have been some other factor of great importance. The average error calculated for n D 20 -bp was much bigger than that obtained for d -bp set despite the correlation coefficients of fitting the 3 rd order equation to the data corresponding to n D 20 and d, respectively, were comparable (more than 0.9999 for both of them). Moreover, the correlation between n D 20 and bp was much weaker than that between d and bp, i.e., 0.0740 instead of 0.7106. The shape of the 3D plot seemed to be the factor responsible for these results. The closer to a plane it was, the better the results were obtained.
Conclusions
The calibration surfaces method was successfully applied to the quantitative analysis of ternary mixture. With regards to the water -ethanol -methanol system, various pairs of macroscopic magnitudes were used depending on the intended accuracy of the results. The most satisfying effects were obtained due to the refractive index and density measurements. The unknown composition was easily determined within a very short period of time and using the laboratory equipment.
On the other hand, the conclusion addresses the pair of macroscopic features which were found to be the most appropriate for the quantitative analysis of waterethanol -methanol system, cannot be generalized for other ternary mixtures. In another ternary mixed solvent, interactions between particular components differed from the studied system. Therefore, in comparison to the water -ethanol -methanol system, the course of changes of a particular macroscopic feature with the changes in mixture composition could appear to be quite different. In other words, 3D surface plots which described changes of the same magnitude measured in various ternary systems did not have to be identical. Based on the results, one can conclude that the application of the calibration surfaces method for quantitative analysis of other ternary mixtures required two mutually independent magnitudes. But first of all, these magnitudes should be described with very high accuracy as a function of mixture composition. Moreover, the most favorable shape of the plot is similar to a plane. 
